Studying alternative forms of reproduction in natural populations is of fundamental 12 importance for understanding the costs and benefits of sex. Mayflies are one of the few 13 animal groups where sexual reproduction co-occurs with different types of parthenogenesis, 14 providing ideal conditions for identifying benefits of sex in natural populations. Here, we 15 establish a catalogue of all known mayfly species capable of reproducing by parthenogenesis,
INTRODUCTION 35
The evolution and maintenance of sexual reproduction has been one of the major questions in 36 evolutionary ecology for the last decades (e.g., Agrawal, 2006; Otto, 2009; Jalvingh et al., 
Data collection 85
The species list was compiled by collecting information from the literature on different 86 websites: Google Scholar 1 , Web of Science 2 , Ephemeroptera Galactica 3 and Ephemeroptera 87 of the world 4 . Starting with four previous reviews (Degrange, 1960; Humpesch, 1980;  88 Sweeney and Vannote, 1987; Funk et al., 2010) that allowed us to compile a first list of 78 89 mayflies species studied for their reproductive mode, our survey combined with personal 90 139 frequency estimate for the group, we also used the inventory of sexual species in our 140 analyses. Indeed, the two available previous estimates of the frequency of parthenogenesis 141 among animals (White, 1973; Vrijenhoek, 1998; van der Kooi et al., 2017) assumed that all 142 described species without evidence for parthenogenesis were sexual. However, this 143 assumption severely underestimates the frequency of parthenogenesis. To account for this 144 underestimation, we generated two frequency estimates, one using the total number of 145 described mayfly species, and one using only species where the reproductive mode was 146 studied. We thus tested whether variations in the frequency of parthenogenesis among 147 families were explained by their phylogenetic relatedness by using binomial Generalised
148
Linear Models (GLMs) and Tukey tests with the 'multcomp' (Hothorn et al., 2008) package.
149
In addition, we tested whether the frequency of parthenogenesis in mayflies varies among the 150 six broad geographical regions: Nearctic, Palearctic, Neotropical, Afrotropical, Oriental and 151 Australasian (see map in Table 2 ). Finally, we tested for potential trade-offs between 152 parthenogenetic and sexual reproduction by studying hatching rate of fertilised and 153 unfertilised eggs at the population level of a given species ( Figure 5 ).
155

RESULTS
156
Unfertilised egg-hatching successes and population sex ratios 157
Analysing the information we collected in our database revealed that the parthenogenetic 158 capacity of females varied widely between and within populations (see Appendix for details).
159
Nevertheless, our classification into sexual (with or without tychoparthenogenesis) and 160 parthenogenetic species (facultative or obligate) is biologically meaningful, given the largely 
165
hatching successes varying among females from 0 to 77.9%). In order to determine whether a 166 higher capacity for parthenogenesis translates into female-biased population sex ratios, we 167 used species where both sex ratios and unfertilised egg-hatching successes were studied in the 168 same populations. In these species, the parthenogenetic capacity and population sex ratios 169 were significantly positively correlated ( Fig. 1B, cor=0 .72, p-value <0.001). The 
184
Frequency of parthenogenesis among mayflies 185
Parthenogenesis occurs in all well-studied mayfly families (Table 1, Fig. 3 ). We were able to 186 classify the reproductive mode of 136 species from 17 families ( Table 1 , see Appendix for 187 details). Seventy-one of these species are sexual (from 16 families), and 38 of these are able 188 to perform tychoparthenogenesis, while 65 species are parthenogenetic (from 11 families).
189
Assuming the 3'666 described mayfly species without information concerning their 190 reproductive mode are sexual, 1.8% of all mayfly species are able to reproduce 191 8 parthenogenetically, which is at least an order of magnitude higher than the available estimate 192 for vertebrates (0.1%, White, 1973; Vrijenhoek, 1998) , and comparable to the frequencies in 193 other arthropod orders. For example, the frequency of parthenogenesis in orders with 194 haplodiploid sex determination varies from 0 to 1.5% (van der Kooi et al., 2017) . However, if 195 one uses the frequency estimates based on the number of mayfly species studied for their 196 reproductive mode (n=136), the estimated frequency of parthenogenesis reaches 47.8% ( Fig.   197 2), being about 25 times higher. These findings suggest that half of the mayfly species might 198 be able to reproduce parthenogenetically, or even, that most mayflies are able to reproduce at 
261
More than two cases of geographical parthenogenesis likely exist in mayflies but are 262 not detected because of a lack of studies, especially in the southern hemisphere. However, it 263 seems that geographical parthenogenesis is not necessarily associated with particular 264 ecological factors, as is the case in most other taxonomic groups studied thus far (Tilquin and 265 Kokko, 2016) .
267
Cytological mechanisms of parthenogenesis in mayflies 268
In animals, different cytological mechanisms can underlie thelytokous parthenogenesis, 269 which vary with respect to their consequences on heterozygosity in offspring (reviewed in 270 Suomalainen et al., 1987) . In mayflies, some of these mechanisms have been identified or 271 suggested, but studies remain scarce. Nevertheless, the available information suggests that 272 obligate parthenogens use cytological mechanisms that potentially allow for maintenance of 273 11 heterozygosity across generation (but see Jaron et al., 2018) , while facultative parthenogens 274 are invariably automictic and produce parthenogenetic offspring that are highly homozygous 275 relative to sexual offspring. Specifically, nine out of the 10 studied 'obligately' 276 parthenogenetic mayflies are functionally clonal without a detected loss of heterozygosity 277 between generations (Sweeney and Vannote, 1987; Sweeney et al., 1993; Funk et al., 2006 Funk et al., , 278 2008 Funk et al., , 2010 . Three mechanisms can be responsible of the complete maintenance of 279 heterozygosity between generations: apomixis (no meiosis occurs -mitotic parthenogenesis), 280 endoduplication, or automixis with central fusion (without recombination). Which one(s) of 281 these mechanisms occur in mayflies is currently unknown. The cytological mechanism of the 282 remaining species, E. shigae in Japan, was suggested to be automixis with terminal fusion 283 (Sekiné and Tojo, 2010b) , indicating that some 'obligate' parthenogens might not be clonal.
284
All seven studied facultatively parthenogenetic mayflies are automictic (Appendix).
285
Indeed, for the populations with both males and females of seven Baetidae species 286 (Acerpenna macdunnoughi, A. pygmaea, Anafroptlilum semirufum, Labiobaetis frondalis,
287
Neocloeon alamance, Procloeon fragile, P. rivulare) parthenogenesis appears to be 288 automictic with terminal or central fusion (with recombination), given the partial loss of 289 heterozygosity between generations, but further details are not known (Funk et al., 2010) .
290
Finally, the cytological mechanism in Ephoron eophilum (Polymitarcyidae), a mostly sexual 291 species with some facultatively parthenogenetic females (i.e., mixed reproduction in 
301
Overall, mayfly species are better at reproducing sexually than asexually (measured as egg-302 hatching success, Fig. 5A , p-value <0.001). Only in obligate parthenogens is egg-hatching 303 success decreased upon mating, presumably because (even partial) fertilisation interferes with 304 normal development of asexual eggs. Furthermore, there is a significant negative correlation 305 between hatching rate of fertilised and unfertilised eggs at the population level of a given 306 species (Fig. 5B, cor=-0.50, p-value=0.02) . This negative correlation suggests that there are 307 trade-offs between parthenogenetic and sexual reproduction, meaning that improving the 308 capacity for parthenogenesis may come at the cost of being less able to reproduce sexually, 
318
Origins of 'obligate' parthenogenesis in mayflies 319
There are at least four ways in which parthenogenetic lineages could arise from sexual species 320 in animals: (1) Hybridisation between two sexual species, which is the major route to and (4) Spontaneous transitions through mutations, for example with tychoparthenogenesis as 327 a first step (Carson et al., 1957; Kramer and Templeton, 2001; Schwander and Crespi, 2009;  328 Schwander et al., 2010) .
329
In mayflies, there is no evidence of parthenogenesis induced by hybridisation or 330 endosymbiont infection, but there is very little data informing on the origins of 331 parthenogenesis. An hybrid origin seems unlikely because it usually results in high levels of 332 heterozygosity (recently reviewed in Jaron et al., 2018) which is not the case for unisexual 333 populations of the mayfly species studied so far (Sweeney and Vannote, 1987; Funk et al., 334 2006; Sekiné and Tojo, 2010b) . Endosymbiont induced parthenogenesis is also unlikely in 335 mayflies because parthenogenesis in this group is often facultative, while endosymbiont 336 infection normally causes obligate parthenogenesis (reviewed in Ma and Schwander, 2017) .
337
In addition, sex determination is male heterogamety (not haplodiploïdy, Table 1 , see
338
Appendix for details), further reducing the probability for endosymbiont-induced 339 parthenogenesis.
340
In mayflies, it has been speculated that facultative and obligate parthenogenesis 341 originates from tychoparthenogenesis (Sweeney and Vannote, 1987; Tojo et al., 2006) .
342
Although this is a plausible hypothesis given how widespread tychoparthenogenesis is among 343 mayflies (27.9% of the studied species, Fig. 2 , see Appendix for details), there is no actual 344 evidence for this suggestion. Indeed, there is currently very little information available that 345 allows inferring how (facultative or obligate) parthenogenesis evolved in any of the known 346 mayfly species. Nevertheless, because of their low dispersal ability and their short and fragile 347 adult life, mayflies have restricted opportunities for reproduction, which may frequently 348 generate situations of mate limitation in females. Mate limitation has been shown to favour 349 parthenogenesis in other insect species (Schwander et al., 2010) , and is very likely to also 350 select for parthenogenesis in mayflies, in spite of the probable trade-off with sexual 351 reproduction we highlighted above.
353
Fate of sexual traits in 'obligate' parthenogenetic mayflies 354
Sexual traits in asexual species decay more or less rapidly depending on whether they become 
360
Sex pheromones are chemical signals involved in mate choice (reviewed in
